Cells degrade excess and effete organelles by the process of autophagy. Autophagic stimulation of rat hepatocytes by serum deprivation and glucagon (1 µM) caused a fivefold increase of spontaneously depolarizing mitochondria to about 1.5% of total mitochondria after 90 min. Cyclosporin A (CsA, 5 µM), an immunosuppressant that blocks the mitochondrial permeability transition (MPT), prevented this depolarization. Depolarized mitochondria moved into acidic vacuoles labeled by LysoTracker Red. These autophagosomes also increased several-fold after autophagic stimulation. CsA blocked autophagosomal proliferation, whereas tacrolimus, an immunosuppressant that does not block the MPT, did not. In conclusion, the MPT initiates mitochondrial depolarization after autophagic stimulation and the subsequent sequestration of mitochondria into autophagosomes.
by fusion with primary lysosomes. During this process, the inner membrane of the double-walled autophagosomes disappears, leaving behind single-membrane degradative autophagic vacuoles whose contents are ultimately digested and sometimes exocytosed (11) .
Autophagy has two important consequences. First, autophagy removes excess and damaged organelles from the cell. Second, autophagy liberates free amino acids and other nutrients at times of nutrient deprivation. The basis by which individual mitochondria are targeted for autophagy is unknown. Although some mitochondria may be selected at random for autophagy (12) , nonrandom selection also appears to occur. Mitochondrial biogenesis by division of preexisting mitochondria involves mitochondrial protein synthesis and mitochondrial DNA (mtDNA 1 ) replication. Cytochemical localization of newly synthesized mtDNA shows that mitochondrial biogenesis is confined to the perinuclear region (13) . Subsequently, the newly formed mitochondria migrate towards the cell periphery before undergoing degradation as older mitochondria. Autophagy also likely shows selectivity for damaged mitochondria, because primary human fibroblasts with bioenergetically incompetent mitochondria containing diseasecausing mitochondrial DNA mutations have a higher cell volume occupied by autophagosomes, secondary lysosomes, and residual bodies than do control cells (14) . These findings suggest that a mechanism exists to target specifically dysfunctional mitochondria for removal by the autophagic process. The mechanism for this selectivity is unknown.
A common mitochondrial response to injury from reactive oxygen species (ROS), thiol crosslinking agents, calcium overloading, and other stresses is inner membrane permeabilization, which leads to mitochondrial depolarization, uncoupling of oxidative phosphorylation, and large amplitude mitochondrial swelling. This mitochondrial permeability transition (MPT) is caused by opening of high conductance permeability transition (PT) pores in the inner membrane that conduct all solutes of molecular mass less than about 1,500 Da (reviewed in 15). The immnosuppressant cyclosporin A (CsA) blocks conductance through PT pores (15, 16) . CsA inhibition of PT pores occurs independent of its inhibition of calcineurin, which mediates immunosuppression, because tacrolimus, another immuno-suppressant, inhibits calcineurin but does not block the MPT (17, 18) . CsA-sensitive opening of PT pores with consequent mitochondrial uncoupling and swelling has been implicated as a central mechanism mediating both necrotic and apoptotic cell death to hepatocytes and other cell types (19) .
Recently, we developed a method using fluorescence resonance energy transfer (FRET) to identify single individual depolarized mitochondria against a background of hundreds of polarized mitochondria (20) . Accordingly, an aim of this study was to test the hypothesis that autophagic stimulation induces early mitochondrial depolarization by the CsA-sensitive MPT, which is then followed by assimilation of the depolarized mitochondria into acidic autophagosomal/lysosomal compartments.
MATERIALS AND METHODS

Chemicals
Glucagon was purchased from Eli Lilly and Company (Indianapolis, IN); cyclosporin A from Calbiochem-Novabiochem Corporation (San Diego, CA); MTG, TMRM, and LTR from Molecular Probes (Eugene, OR.); MDC from Sigma Chemical Company (St. Louis, MO); and Collagenase A and HEPES from Boehringer Mannheim (Indianapolis, IN). All other reagents were of analytical grade obtained from standard commercial sources.
Cell isolation and culture
Rat hepatocytes were isolated by collagenase digestion and cultured overnight in 5% CO 2 /95% air at 37Û&RQW\SHFROODJHQ-coated glass coverslips at a density of 500,000 cells per coverslip (21) . Until induction of autophagy, cells were kept in Waymouth's MB-752/1 growth medium containing 27 mM NaHCO 3, 2 mM L-glutamine, 10% fetal calf serum, 100 nM insulin, and 10 nM dexamethasone. During experiments on the microscope stage, 25 mM Na-HEPES replaced NaHCO 3 in the growth medium. To induce autophagy, we switched hepatocyte cultures from serum-containing complete growth medium to serum-free Krebs-Ringers-HEPES buffer (KRH: 25 mM HEPES, 115 mM NaCl, 5 mM KCl, 1 mM KH 2 PO 4 , 1.2 mM MgSO 4 , and 2 mM CaCl 2 at pH 7.4) containing 1 µM glucagon.
Loading of Fluorophores
Hepatocytes were loaded with green-fluorescing MitoTracker Green (MTG, 0.5 µM) for 60 min in humidified air at 37Û& LQ :D\PRXWK ¶V 0%-752/1 growth medium containing 25 mM Na-HEPES to label mitochondria covalently (22) . We took images to confirm loading of MTG before loading red-fluorescing tetramethylrhodamine methylester (TMRM, 1 µM) for 30 min in identical conditions to monitor mitochondrial membrane potential (23) . In some experiments, we labeled acidic intracellular compartments with LysoTracker Red (LTR, 0.2-1.0 µM) on the microscope stage before treatment (22) . After TMRM or LTR had been loaded, one-third of the initial concentration was kept in the medium for the duration of the experiment to maintain steady-state loading. In other experiments, autophagosomes were loaded with monodansylcadaverine (MDC, 100 µM) on the microscope stage to label autophagosomes (24) . Temperature was maintained at 37Û&ZLWKD)RFKWFKDPEHUDQGDQREMHFWLYHKHDWHU%LRptechs, Butler PA).
Laser-scanning confocal microscopy
An argon/krypton laser delivered 488-nm and 568-nm excitation light. We imaged fluorescence with a Zeiss LSM-410 inverted laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany) by using a 63X oil 1.4 N.A. planapochromat objective lens. Excitation energy was attenuated 100-to 1,000-fold to minimize photo bleaching and photo damage. A 560 nm dichroic mirror divided red and green fluorescence, which was directed to photomultipliers through 590 nm longpass and a 515-565 nm bandpass emission filters, respectively.
Spinning disc confocal microscopy
MDC fluorescence was imaged with a CARV spinning Nipkow disk confocal microscope (Atto Instruments, Rockville, MD) by using a 40X oil 1.3 N.A. Fluar objective lens. Excitation light from a Hg arc lamp was directed through a 360 nm bandpass filter and reflected onto the specimen by a 400 nm dichroic mirror. We collected emission through a 495 nm longpass barrier filter.
Quantification of mitochondrial depolarization and lysosomal proliferation
During serial imaging, unquenched green (MTG) and red (LTR) fluorescently labeled structures were counted in individual cells to quantify mitochondrial depolarization and autophagosomal proliferation, respectively, on a cell-by-cell basis. Mitochondria were counted as depolarized from the loss of FRET between MTG and TMRM, which was revealed by the presence of green fluorescence and absence of red fluorescence, as previously described (20) . The number of depolarized mitochondria and autophagosomes at each time point was plotted as a percentage of baseline. In some experiments, TMRM-labeled mitochondria also were counted individually so that depolarized (MTG green) mitochondria could be expressed as a percentage of total (MTG green plus TMRM red) mitochondria.
Statistical analysis
Data points represent the mean ± SE. We performed statistical analysis by Student's t-test with P < 0.05 as the criterion of significance. Images shown are representative of at least three experiments.
RESULTS
Entry of spontaneously depolarizing mitochondria into acidic lysosomal compartments after autophagic stimulation
Cultured rat hepatocytes were coloaded with MTG and TMRM. Both fluorophores accumulate electrophoretically into polarized mitochondria. Such colocalization causes TMRM to quench the green fluorescence of MTG excited with blue light (20) . Instead, FRET between the fluorophores allows blue light to excite red fluorescence from the mitochondria. After incubation of hepatocytes in nutrient-free KRH plus 1 µM glucagon, a few individual mitochondria began to recover green fluorescence and lose red fluorescence excited by blue light (Fig. 1 , upper panels, arrows). TMRM, which is responsible for red fluorescence, is released by mitochondria after depolarization. By contrast, MTG binds covalently to protein thiols after uptake into mitochondria and is not released after depolarization. Thus, on depolarization of individual mitochondria, red TMRM fluorescence is lost, which causes green MTG fluorescence to become unquenched (20) . Together, the appearance of green fluorescence and the loss of red fluorescence in single individual mitochondria signified spontaneous mitochondrial depolarization after autophagic stimulation by nutrient deprivation plus glucagon.
After labeling mitochondria with MTG and TMRM for identification of depolarized mitochondria by loss of FRET, we added LTR. LTR is a weak amine that labels lysosomes, endosomes, and autophagosomes by virtue of their acidic interior (22) . When excited with green light, LTR fluoresces red. At the concentrations of LTR and TMRM we used, LTR fluorescence in acidic organelles was brighter than that of TMRM-labeled mitochondria (Fig. 1, lower right) . For this reason, photomultiplier gain in the red channel was attenuated to avoid pixel saturation.
During dual excitation with blue and green light, red fluorescence images showed punctate acidic organelles brightly labeled with LTR against a background of relatively dim TMRM-labeled mitochondria (Fig. 1, arrows, lower right) , whereas green fluorescence images revealed the unquenched green fluorescence of MTG in depolarized mitochondria (Fig. 1, arrows and arrowheads, lower left). Many of the green-fluorescing depolarized mitochondria colocalized with red-fluorescing acidic organelles (Fig. 1, arrows, lower right) . Colocalization of unquenched green MTG fluorescence with red LTR fluorescence signified that depolarized mitochondria had moved into acidic lysosomal/autophagosomal vacuoles. Other depolarized mitochondria revealed by unquenched MTG fluorescence did not colabel with LTR (Fig. 1,  arrowheads, lower right) . Presumably, these mitochondria had yet to be entrapped inside an acidic autophagic vacuole. These observations were consistent with the hypothesis that mitochondria first depolarized after autophagic stimulation and then moved into autophagosomes.
In other experiments, hepatocytes again were labeled sequentially with MTG and TMRM in complete growth medium and excited with blue light. Before any other treatment, only a few mitochondria showed green fluorescence, indicating depolarization ( Fig. 2A , upper left and middle panels). Such depolarized mitochondria were often adjacent to the perinuclear cytocentrum, an area normally excluding mitochondria. The great majority of mitochondria fluoresced red, and no mitochondria fluoresced simultaneously red and green to appear yellow in the overlay images of Figure 2A . After baseline imaging in complete growth medium, hepatocytes were then subjected to autophagic stimulation with glucagon in KRH. After 60 min, the number of punctate structures showing bright green MTG fluorescence increased ( Fig. 2A , lower middle panel). As averaged from several experiments, the number of MTG-fluorescent structures increased fivefold over 90 min (Fig. 2B, triangles) . This corresponded to 1.5% of the total number of mitochondria present. The recovery of green MTG fluorescence, which represented mitochondrial depolarization, did not occur when hepatocytes were incubated in complete serum-containing growth medium ( Fig. 2A, lower left panel, and Fig. 2B, squares) . During the study period, hepatocytes did not bleb, shrink, undergo nuclear changes, or develop other structural changes indicative of progression to apoptotic or necrotic cell death.
Suppression by cyclosporin A of mitochondrial depolarization after nutrient withdrawal
To test the hypothesis that mitochondrial depolarization after autophagic stimulation involved the MPT, we incubated hepatocytes with 5 µM CsA, a specific inhibitor of the MPT. Without autophagic stimulation, hepatocytes incubated with CsA in growth medium were indistinguishable from those incubated without CsA (Fig. 2A, upper right panel) . However, when growth medium was replaced with KRH plus glucagon in the presence of CsA, mitochondria did not depolarize, as indicated by a lack of increase of MTG-labeled punctate structures ( Fig. 2A , lower right panel, and Fig. 2B, circles) . This evidence supports the hypothesis that the CsAsensitive MPT mediates mitochondrial depolarization after autophagic stimulation.
Autophagosomal proliferation after autophagic stimulation and its inhibition by cyclosporin A
To assess the extent of autophagy stimulated by glucagon in serum-free KRH, hepatocytes were loaded with 1 µM LTR and then subjected to autophagic stimulation. KRH plus glucagon caused a marked proliferation of acidic LTR-labeled compartments (Fig. 3A, middle panels) . Counts of LTR-labeled structures revealed a 4.8-fold increase of acidic LTR-labeled vacuoles over 90 min (Fig. 3B, triangles) . This proliferation did not occur when growth medium simply was replaced with more serum-containing complete growth medium (Fig. 3A, left panels, and Fig. 3B,  square) . Indeed, LTR-labeled acidic organelles nearly disappeared. To test the hypothesis that the MPT is involved in promoting autophagy after autophagic stimulation, hepatocytes were subjected to autophagic stimulation in the presence of 5 µM CsA. CsA prevented the proliferation of LTR-labeled vacuoles nearly completely (Fig. 3A, lower left panel, and Fig. 3B,  circles) .
The proliferation of LTR-labeled acidic compartments after autophagic stimulation implied that the LTR-labeled structures were indeed autophagosomes. To confirm this conclusion, hepatocytes were labeled with MDC. MDC is a weak amine that, like LTR, accumulates into acidic endosomal/lysosomal vacuoles. Hydrophobic interactions with lipids then enhance the fluorescence of MDC (24) . Because autophagosomes contain a high content of unhydrolyzed membrane lipids from mitochondria and other organelles, MDC fluorescence shows specificity for autophagosomes. Accordingly, hepatocytes were loaded with MDC (100 µM), and blue MDC fluorescence excited with UV light was imaged with an Atto Instruments CARV spinning disc confocal microscope after autophagic stimulation with glucagon in KRH. MDC-labeled structures proliferated in a fashion virtually indistinguishable from the proliferation of LTRlabeled structures (Fig. 3C, arrows) . Thus, the acidic vesicles that proliferated after nutrient withdrawal plus glucagon were predominately autophagosomes.
CsA not only blocks the MPT, but also inhibits calcineurin, a protein phosphatase. Tacrolimus inhibits calcineurin but does not block the MPT. To determine whether the effect of CsA on autophagy was independent of its effect on calcineurin, we subjected LTR-loaded hepatocytes to autophagic stimulation in the presence of tacrolimus. As shown in Figure 4 , 5 µM tacrolimus did not prevent autophagosomal proliferation. Counts of LTR-labeled autophagosomes in tacrolimus-treated and untreated hepatocytes virtually were identical, and similar results were obtained with 0.1 and 1 µM tacrolimus (data not shown). Thus, inhibition of calcineurin with tacrolimus did not duplicate the inhibition of autophagy caused by CsA. Thus, it is unlikely that CsA inhibits autophagosomal proliferation by blocking calcineurin.
Relative time course of mitochondrial depolarization and autophagosomal proliferation
To compare the time course of mitochondrial depolarization and autophagosomal proliferation, the percentage of increase of depolarized mitochondria detected by MTG and the percentage of increase of autophagosomes detected with LTR were plotted together. As shown in Figure 5 , mitochondrial depolarization began approximately 20 min in advance of autophagosomal proliferation. Although the percentage of increase was comparable at the end of incubation, the total number of autophagosomes was greater than the number of depolarized mitochondria, as revealed by comparing images shown in Figures 2A and 3A . Counting revealed 4.3-fold more autophagosomes than depolarized mitochondria. This finding was in part explained by the fact that LTR fluorescence was measured by using a larger pinhole and hence larger slice thickness (0.59 vs. 1.22 µm). Even taking slice thickness into account, we found more than twice as many autophagosomes as depolarized mitochondria.
DISCUSSION
Possible signaling mechanisms in mitochondrial autophagy
Our findings implicate for the first time a role of the MPT in the signaling pathway of mitochondrial autophagy in hepatocytes treated with glucagon and nutrient deprivation. The mechanism by which the MPT signals autophagic sequestration is unknown. One hypothesis is that factors released from the mitochondrial intermembrane space as a consequence of MPTinduced swelling may provide the signal. These signals could then target individual mitochondria for degradation. In apoptosis, release of cytochrome c and apoptosis-inducing factor from the intermembrane space promotes caspase activation and other downstream events in apoptotic cell death (25) . Mitochondrial membrane permeabilization in apoptosis is much more widespread than observed here for autophagy. Nonetheless, the release of intermembrane proteins during apoptosis may account for observations of accelerated autophagy during apoptosis (26) . Many apoptotic inducers, including tumor necrosis factor-.71)α), serum/growth factor deprivation, and staurosporin and other toxins, stimulate autophagy (27) (28) (29) (30) (31) (32) . Moreover, 3-methyladenine, a specific inhibitor of autophagy, blocks TNFα-induced apoptosis in T-lymphoblastic leukemia cells and in other models of apoptosis in which autophagy is a prominent feature (27, 29, 33) . Release of mitochondrial intermembrane proteins after the MPT may also stimulate autophagy more generally, because the number of proliferating autophagosomes observed in the present work exceeded the number of depolarized mitochondria by at least a factor of 2. However, some of the numerical difference between mitochondrial depolarization and autophagosomal proliferation may be due to release of the MTG tag as mitochondria are digested within autolysosomes.
How autophagic stimulation signals the MPT in a particular mitochondrion also remains to be elucidated. Calcium promotes the MPT, and calcium chelation and calcium channel blockade decrease autophagy, whereas calcium ionophores promote autophagic proteolysis (34) . ROS formation also promotes onset of the MPT (35) . One consequence of mitochondrial ROS generation is damage to mitochondrial DNA, and MPT-dependent autophagy likely serves to eliminate damaged mtDNA from the mitochondrial gene pool. Future studies will be needed to assess these hypothetical mechanisms by which autophagic stimulation may induce the MPT.
Fibroblasts with inherited mtDNA mutations have impaired mitochondrial function and increased mitochondrial autophagy compared with normal fibroblasts (14) . Damage to mtDNA inflicted by free radicals is proposed to be a major mechanism of aging, and defects in mitochondrial function contribute to cellular and organismal senescence (36) . In mitochondrial diseases, both normal and mutant forms of mtDNA are inherited (heteroplasmy), but the proportion of mitochondria with mutant DNA progressively increases in disease-expressing tissues. Autophagy may have the protective function of removing defective mitochondria and mtDNA. Thus, mtDNA mutations that accumulate in specific tissues during aging or after heteroplasmic inheritance of mutant mtDNA may be those that suppress mitochondrial autophagy or onset of the MPT. In addition, autophagy is reported to decrease with advancing age (37) . This decrease may also promote age-related accumulation of dysfunctional mutated mtDNA.
Role of the mitochondrial permeability transition in cells that are not dying
The MPT can promote both necrotic and apoptotic cell death (19, 25) . In hepatocytes, the MPT is a central signaling pathway in TNF .DQG)DV-mediated apoptosis (38, 39) . In other models of apoptosis and in other cell types, the MPT may or may not be important in apoptotic signaling (25) . In normal cellular physiology, the role of the MPT is uncertain. Transient PT pore opening may allow mitochondria to take up desirable metabolites and purge themselves of unwanted compounds (35) . For example, the negative mitochondrial membrane potential draws Ca 2+ and lipid permeable cationic compounds electrophoretically into the mitochondrial matrix space. PT pore opening by causing membrane depolarization may release such cations and possibly contribute to Ca 2+ -mediated signaling (40) (41) (42) . Alternatively, PT pore opening might allow mitochondria to take up metabolites such as glutathione, which are not synthesized by mitochondria. However, transient PT pore opening is a rare event in hepatocytes and other cell types, because calcein and other low-molecular-weight fluorophores fail to equilibrate across the mitochondrial inner membrane over long periods unless stresses such as hypoxia or oxidant chemicals are imposed (43) (44) (45) . PT pores may also participate in the importation of polypeptides synthesized on cytosolic ribosomes (46) , but this ongoing process is not known to induce the MPT. PT pores have also been postulated to have subconductance states that transport specific ions but do not actually induce the MPT (47, 48) .
The work described here shows for the first time that an MPT leading to full collapse of the mitochondrial membrane potential is a physiological mechanism that likely helps maintain the health of cells. By targeting dysfunctional mitochondria for autophagic sequestration and ultimately autolysosomal degradation, the MPT may avert cellular injury due to mitochondrial ROS formation and futile ATP consumption after respiratory inhibition and/or uncoupling. By strategically targeting weak and injured mitochondria for autophagy, the MPT may thus have an essential role in normal physiology. Cultured hepatocytes were labeled with 0.5 µM MTG and 1 µM TMRM in complete growth medium. Growth medium was then replaced with KRH and 1 µM glucagon, and images of green and red fluorescence excited with blue (488 nm) light were collected after approximately 30 min (upper panels), as described in Materials and Methods Subsequently, the hepatocytes were loaded with 1 µM LTR for 30 min. Green fluorescence was again imaged by using 488 nm excitation (lower left panel), and red fluorescence was imaged by using 568 nm excitation (lower right panel). In the upper left panel, note green punctate structures (arrows), which do not fluoresce red (upper left panel). These structures are depolarized mitochondria. In the lower panels after LTR labeling, note that some green MTG-labeled structures co-localize with LTRlabeled lysosomal autophagosomes (arrows). Other MTG-labeled depolarized mitochondria do not co-localize with LTR (arrowheads). Bar is 10 µm. Note that the number of green-fluorescing structures increased when the medium was changed to KRH plus glucagon but not when the medium was replaced with fresh growth medium or when CsA was present. Representative large green depolarized mitochondria are circled. Scale bar is 20 µm. B) The number of depolarized mitochondria in each of the treatment groups was counted in confocal images and plotted vs. time. Groups represent 11, 21, and 18 cells from 3, 4, and 3 coverslips for serum-containing growth medium (Growth medium, squares), KRH plus glucagon (KRH+G, triangles), and KRH plus glucagon and CsA (KRH+G+CsA, circles), respectively. *, P < 0.05 vs. KRH+G+CsA. A. A) Cultured hepatocytes were loaded with LTR (1 µM) for 30 min in serum-containing complete growth medium (Serum) or growth medium plus 5 µM CsA (Serum+CsA). Images of red LTR fluorescence were collected immediately before (Baseline, middle row) and 60 min after changing the incubation medium to either fresh complete growth medium (lower left), KRH plus 1 µM glucagon (KRH+G, lower middle) or KRH plus glucagon and 5 µM CsA (KRH+G+CsA, lower right). Note proliferation of LTR-labeled autophagosomes after KRH plus glucagon (lower middle). CsA blocked this proliferation (lower right). Autophagosomes did not proliferate in complete growth medium (lower left). Upper panels show brightfield images at baseline. Scale bar is 20 µm. B) The number of LTR-labeled autophagosomes was counted in confocal images and plotted vs. time. Groups represent 23, 12, and 18 cells from 3 coverslips each for growth medium (square), KRH plus glucagon (KRH+G, triangles) and KRH plus glucagon and CsA (KRH+G+CsA, circles), respectively. *, P < 0.05 vs. KRH+G+CsA. C) Hepatocytes were incubated with KRH plus 1 µM glucagon for 60 min and labeled with 100 µM MDC. Spinning Nipkow disc confocal microscopy using UV excitation (360 nm) showed numerous MDClabeled structures (arrows). 
